durance training-induced changes in hemodynamic traits are heritable. However, few genes associated with heart rate training responses have been identified. The purpose of our study was to perform a genome-wide association study to uncover DNA sequence variants associated with submaximal exercise heart rate training responses in the HERITAGE Family Study. Heart rate was measured during steady-state exercise at 50 W (HR50) on 2 separate days before and after a 20-wk endurance training program in 483 white subjects from 99 families. Illumina HumanCNV370-Quad v3.0 BeadChips were genotyped using the Illumina BeadStation 500GX platform. After quality control procedures, 320,000 single-nucleotide polymorphisms (SNPs) were available for the genome-wide association study analyses, which were performed using the MERLIN software package (single-SNP analyses and conditional heritability tests) and standard regression models (multivariate analyses). The strongest associations for HR50 training response adjusted for age, sex, body mass index, and baseline HR50 were detected with SNPs at the YWHAQ locus on chromosome 2p25 (P ϭ 8.1 ϫ 10 Ϫ7 ), the RBPMS locus on chromosome 8p12 (P ϭ 3.8 ϫ 10 Ϫ6 ), and the CREB1 locus on chromosome 2q34 (P ϭ 1.6 ϫ 10 Ϫ5 ). In addition, 37 other SNPs showed P values Ͻ9.9 ϫ 10 Ϫ5 . After removal of redundant SNPs, the 10 most significant SNPs explained 35.9% of the ⌬HR50 variance in a multivariate regression model. Conditional heritability tests showed that nine of these SNPs (all intragenic) accounted for 100% of the ⌬HR50 heritability. Our results indicate that SNPs in nine genes related to cardiomyocyte and neuronal functions, as well as cardiac memory formation, fully account for the heritability of the submaximal heart rate training response.
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genome-wide association study; genotype PHYSICALLY ACTIVE LIFESTYLE is a central contributor to optimal heart health. Physically active individuals have considerably lower risks of cardiovascular disease morbidity and mortality than their sedentary counterparts, and this cardioprotection is usually credited to improvements in traditional cardiovascular disease risk factors. However, regular physical activity also induces beneficial changes in cardiac function. For example, a physically active individual can perform the same amount of physical work with less strain on the heart (as evidenced by lower heart rate and blood pressure during a given work output) than a sedentary individual.
Heart rate is commonly used as a physiological indicator of general cardiac function in medicine and exercise physiology. Heart rate is usually considered a consequence, rather than a cause, of a given (patho)physiological condition. However, data from animal studies suggest that modification of heart rate may also have direct health benefits that are independent of traditional cardiovascular risk factors. In cynomolgus monkeys, lowering of heart rate by sinoatrial node ablation slowed or even prevented high-fat diet-induced atherosclerotic changes in coronary arteries (7) and bifurcation of the carotid artery (6) . A mean reduction of 15% in ambulatory heart rate, while other cardiovascular risk factors (blood pressure, serum cholesterol and triglycerides, and body weight) remained unchanged, was associated with 56% smaller lesion area and 53% lower stenosis in coronary arteries, while in carotid bifurcation the values were 62% for lesion area and 50% for stenosis (6, 7) .
The most effective nonpharmacological strategy to lower heart rate, at rest and during submaximal physical work, is exercise training. We previously reported in the HERITAGE Family Study that 20 wk of regular exercise training induces an average reduction of 11 beats/min in heart rate measured during steady-state submaximal exercise at 50 W (HR50), while individual HR50 training responses (⌬HR50) ranged from a 12 beat/min increase to a 42 beat/min decrease (32) . We also showed previously that ⌬HR50 aggregates in families: maximal heritability estimate of age, sex, body mass index, and baseline HR50-adjusted ⌬HR50 reached 34% in white HERITAGE families (4) . Furthermore, complex segregation analysis supported the hypothesis of a major dominant gene effect on ⌬HR50 in the same set of families (3) . A genome-wide linkage scan identified a promising quantitative trait locus for ⌬HR50 on chromosome 2q34, with an LOD score of 2.10 (28). A fine mapping study of the quantitative trait locus identified cAMP-responsive element-binding protein 1 (CREB1) as the strongest contributor to the linkage signal (23) .
While a CREB1 DNA sequence variant explained Ͼ4% of the variation in ⌬HR50, a considerable portion of the genetic variance remained unaccounted for (23) . To identify additional gene loci contributing to ⌬HR50 variance, we performed a genome-wide association study (GWAS) with Ͼ300,000 single-nucleotide polymorphisms (SNPs). Here we report that nine of these SNPs, including CREB1, accounted for 34% of the total variance in HR50 training response and 100% of ⌬HR50 heritability.
MATERIALS AND METHODS
Subjects. The HERITAGE Family Study design, inclusion criteria, and protocol are described elsewhere (8) . Complete training response data were available for 472 white subjects (229 men and 243 women) from 99 nuclear families. All subjects were healthy and sedentary at baseline. Sedentary was defined as no regular physical activity over the previous 6 mo. The study protocol had been approved by the Institutional Review Board at each of the five participating centers of the HERITAGE Family Study consortium. Written informed consent was obtained from each participant.
Exercise training program. Subjects completed a 20-wk endurance training program (3 days/wk for a total of 60 exercise sessions) using Universal Aerobicycles (Cedar Rapids, IA), which were monitored electronically by the FitNet system to maintain the participants' heart rates at levels associated with fixed percentages of their maximal O 2 uptake (V O2max). The training program started at the heart rate associated with 55% of V O2max for 30 min per session and gradually increased to 75% of V O2max for 50 min per session during the last 6 wk of training. All training sessions were supervised on site, and adherence to the protocol was strictly monitored (27) .
Submaximal exercise test. Before and after the 20-wk training program, each subject completed two submaximal exercise tests on a cycle ergometer on separate days. Subjects exercised for 8 -12 min at an absolute workload of 50 W. Heart rate was monitored throughout the test with an electrocardiogram, and two heart rate values were recorded once steady state had been achieved. The heart rate values used in this study represent in each case the mean of two submaximal tests at 50 W (HR50), before and after training. The exercise test methodology is described elsewhere (33) . The reproducibility of the HR50 measurements was very high: 4.7% coefficient of variation and 0.90 intraclass correlation among the subjects used for the GWAS analyses (33) .
GWAS SNP genotyping. Genomic DNA was prepared from immortalized lymphoblastoid cell lines by a commercial DNA extraction kit (Gentra Systems, Minneapolis, MN). GWAS SNPs were genotyped using Illumina HumanCNV370-Quad v3.0 BeadChips on the Illumina BeadStation 500GX platform. The genotype calls were done with Illumina GenomeStudio software, and all samples were called in the same batch to eliminate batch-to-batch variation. All GenomeStudio genotype calls with a GenTrain score Ͻ0.885 were checked and confirmed manually. Monomorphic SNPs and SNPs with only one heterozygote, as well as SNPs with Ͼ30% missing data, were filtered out with GenomeStudio. Quality control of the GWAS SNP data confirmed all family relationships and found no evidence of DNA sample mix-ups. Of the 334,207 SNPs, only 78 (0.023%) had Ͼ10% missing data, and none of the SNPs had a missing rate Ͼ25%. Minor allele frequency was Ͻ1% for 1,301 SNPs (0.39%). Hardy-Weinberg equilibrium test P values were Ͻ10 Ϫ5 and 10 Ϫ6 for 55 (0.017%) and 12 (0.0037%) SNPs, respectively. Twelve samples were genotyped in duplicate with 100% reproducibility. Statistical analyses. Associations between the GWAS SNPs and ⌬HR50 were analyzed using the MERLIN software package (1) . The total association model of MERLIN utilizes a variance-components framework to combine phenotypic means model and estimates of additive genetic effect and residual genetic and environmental variances from a variance-covariance matrix into a single likelihood model. The evidence of association is evaluated by maximization of the likelihoods under two conditions: the null hypothesis (L0) restricts the additive genetic effect of the marker locus (␤a) to zero, whereas the alternative hypothesis (L1) does not impose restrictions on ␤a. The quantity of twice the difference of the log likelihoods between the alternative and the null hypotheses {Ϫ2[ln(L1) Ϫ ln(L0)]} is distributed as 2 with 1 degree of freedom (difference in number of parameters estimated).
The overall contribution of the most significant GWAS SNPs on ⌬HR50 was evaluated using multivariate regression procedures. All GWAS SNPs with P Յ 9.9 ϫ 10 Ϫ5 were included. First, a regression model with backward elimination was used to filter out redundant SNPs (mainly due to strong pair-wise linkage disequilibrium). The threshold for keeping the SNPs in the model was P ϭ 0.05. Next, the SNPs that were retained in the final backward-elimination model were analyzed with a multivariate regression model using forward selection.
Whether the most significant SNPs from the regression model contributed to the heritability of the HR50 training response was tested using conditional heritability analysis. If a SNP contributes to the genetic variance (heritability) of a trait, the maximal heritability estimate should decrease when the marker is included as a covariate in the model. Starting with the SNP showing the greatest partial R 2 , the SNPs were added one at a time in the heritability model until the H 2 estimate reached zero [heritability fully accounted for by the covariates (SNPs)]. The conditional heritability analyses were performed with the MERLIN software package (1).
RESULTS
An overview of the ⌬HR50 GWAS results across the 22 autosomes is presented in Fig. 1 . The strongest single-SNP associations were detected with SNPs rs6432018 (P ϭ 8.1 ϫ 10 Ϫ7 , R 2 ϭ 5.8%) and rs12692388 (P ϭ 1.19 ϫ 10 Ϫ6 ), located on chromosome 2p25 in the tyrosine 3-monooxygenase/tryptophan 5-monooxygenase-activating protein, polypeptide Fig. 1 . Manhattan plot of heart rate measured during steady-state exercise at 50 W (HR50) training response genome-wide association study (GWAS) results across the 22 autosomes.
(YWHAQ) gene locus. In addition, SNP rs2979481 (RBPMS locus on chromosome 8p12) showed an association with P ϭ 4.0 ϫ 10
Ϫ6
. Furthermore, 37 additional SNPs were associated with ⌬HR50 with P Ͻ 9.9 ϫ 10 Ϫ5 (Table 1) . Next, all SNPs with P Ͻ 9.9 ϫ 10 Ϫ5 were included in a multivariate regression analysis. In addition, SNP rs2253206, which is missing from the CNV370K array, was included in the regression models; we previously showed that this SNP, which is located in the CREB1 gene locus, is strongly associated with the HR50 training response (23) . After removal of redundant SNPs using the backward-elimination regression model, 30 SNPs were retained and analyzed with a multivariate regression model with forward selection. In the final model, six SNPs each explained Ն3% of the variance in ⌬HR50 (range 3-6%), while another four SNPs contributed 2-3% each ( Table 2 ). The full model of 10 SNPs explained 35.9% of the variance in the HR50 training response.
Given that the final regression model R 2 of 35.9% is very close to the ⌬HR50 maximal heritability estimate of 34%, we used conditional heritability analysis to determine if these 10 SNPs truly account for the genetic variance of ⌬HR50 in white HERITAGE families. The SNPs were added to the MERLIN heritability model as covariates one at a time, starting with the most significant one, and the previously added SNPs were retained in the model when new variants were included. This procedure was repeated until the heritability estimate reached 0%. As shown in Table 2 , nine SNPs were required to reduce the maximal heritability estimate to 0%. That is, these nine SNPs were able to account for all the heritability of ⌬HR50 in white HERITAGE families.
To illustrate the combined contribution of the 10 SNPs with a partial R 2 Ͼ2%, a SNP summary score was constructed. Each SNP was recoded on the basis of the number of alleles associated with a favorable HR50 training response: homozygote ϭ 2, heterozygote ϭ 1, homozygote for nonfavorable allele ϭ 0. The summary score was derived by summing the 10 recoded SNPs. The age, sex, baseline body mass index, and baseline HR50-adjusted training responses across the summary score categories are shown in Fig. 2 . Subjects with a summary score Յ9 (8% of the subjects) showed no improvements in A genome-wide association study was conducted to determine the most significant (P Ͻ 9.9 ϫ 10 Ϫ5 ) single-nucleotide polymorphisms (SNPs) associated with heart rate during steady-state exercise at 50 W (HR50). *Values in parentheses indicate distance between the SNP and the nearest gene locus; if no distance is given, the SNP is located within the gene. HR50, while HR50 decreased Ͼ20 beats/min in those with a summary score Ն16 (11% of the subjects).
DISCUSSION
The main novel finding of the present study is that nine SNPs account for the heritability of the HR50 training response in white subjects of the HERITAGE Family Study. The contribution of the individual SNPs varied from 2% to 6%, and collectively these SNPs explained ϳ36% of the variance in regular physical activity-induced changes in HR50.
The strongest evidence of association with ⌬HR50 was found with SNPs located in the YWHAQ locus. YWHAQ (also known as 14-3-3/) is a member of the 14-3-3 family of signaling proteins involved in apoptosis, cell proliferation and metabolism, and check point control pathways (12) . This highly conserved protein family is found in plants and mammals, and the human protein is 99% identical to the mouse and rat orthologs. YWHAQ is expressed in the heart and neurons (19) . Mice carrying one copy of the cardiac-specific disrupted YWHAQ gene have been shown to be vulnerable to experimental myocardial infarction and to develop pathological ventricular remodeling with increased cardiomyocyte apoptosis (17), a phenotype very similar to that observed in mice with cardiac double-negative mutation of the 14-3-3 (YWHAH) isoform (25, 30, 36) . The and ε (YWHAE) isoforms of 14-3-3 have been shown to interact with cardiac ion channels. The YWHAH isoform has been indicated to act as a cofactor of the cardiac Na ϩ channel, thereby regulating cardiac Na ϩ current (2), whereas the YWHAE isoform modulates cardiac function by amplifying and prolonging ␤-adrenergic stimulation of rapid outward K ϩ currents produced by the K ϩ channel hERG (9, 16, 29) . However, it is unknown if the YWHAQ isoform has similar functions in regulation of myocardial contractility, although interactome studies have shown that YWHAQ does interact (as does YWHAE) with cardiac Na ϩ /Ca 2ϩ exchanger (SLC8A1), which is responsible for returning the cardiomyocyte to its resting state following excitation (22) .
An interesting feature of our results is that the SNPs showing the strongest associations with the HR50 training response were located within a gene or in the immediate vicinity (Ͻ5 kb) of a gene. While none of the genes could be characterized as traditional heart rate candidate genes (e.g., adrenergic receptors), they do have physiological functions that are relevant to cardiovascular phenotypes. Four of the top nine SNPs are expressed in the heart and are related to neuron growth and degeneration. RBPMS has been shown to play a central role in nervous system development in several organisms, and, in Drosophila melanogaster, mutations in the RBPMS ortholog couch potato gene have been shown to cause various neurological abnormalities (13) . In humans, RBPMS interacts with several ataxia-related proteins (e.g., ataxin 1) (18) . YWHAQ plays a role in peripheral nerve injury and nerve regeneration, and its expression is upregulated in spinal cords of amyotrophic lateral sclerosis patients (19) . GPRIN3 encodes a homolog of the G protein-regulated inducer of neurite outgrowth (15) , while overexpression of MYLIP has been shown to inhibit nerve growth factor-driven neurite outgrowth in neuronal PC-12 cells (20) . In addition, MYLIP has been shown to induce LDL receptor degradation by ubiquitination (35) and, thereby, affect plasma LDL-cholesterol levels (31, 35) . Furthermore, CREB1 is a central component of memory formation in the heart (cardiac memory, i.e., altered electrocardiogram T waveform after ventricular pacing or arrhythmia) (21) , as well as in the brain (24, 34) . Finally, GCH1 encodes a rate-limiting enzyme of tetrahydrobiopterin synthesis. Tetrahydrobiopterin is an essential cofactor of nitric oxide synthases, and GCH1 mutations have been associated with dopamine-sensitive, as well as exercise-induced, dystonies (5, 11) .
Functions of the remaining four genes are less well known, and available data are not sufficient to support or rule out their involvement in heart rate-related mechanisms. Transcription factor EC (TFEC) encodes a protein that belongs to a microphthalmia family of basic helix-loop-helix leucine zipper transcription factors (37) . It has been shown to be a transcriptional activator of the nonmuscle myosin II heavy chain-A gene (10) . PIWI-like 1 (PIWIL1) gene belongs to a PIWI subfamily of Argonaute proteins, which are involved in stem cell selfrenewal, RNA silencing, and translational regulation (26) , while PHD finger protein 2 (PHF2) is a plant homeodomain finger gene that functions as a transcriptional regulator of eukaryotic gene expression (14) . Finally, OR6N2 encodes an olfactory receptor.
Our results may have physiological, as well as clinical and public health, implications, provided they can be confirmed in subsequent studies. These advances would illuminate the biology of heart rate regulation in response to exercise and perhaps other stressors. They would lead to the definition of molecular pathways and mechanisms by which these genes modify heart rate adaptation to regular exercise and could potentially uncover novel therapeutic targets for individuals who experience brady-or tachycardia. Moreover, heart rate is commonly used in exercise prescription to guide initial intensity level and to monitor progress in response to an exercise program, with an expectation that heart rate at a given work load will decrease substantially with exposure to regular exercise. However, in an individual with no or only a few alleles associated with a positive heart rate training response, chances are that the decrease in exercise heart rate will not occur. In this case, the physician and fitness specialist may conclude falsely that the participant was not compliant with the requirements of the program, or the specialist may assume that the exercise prescription was insufficient and may try to increase the exercise training load. In both cases, the specialist would be wrong. These misconceptions could be prevented by use of appropriate genetic markers to identify a priori the exercise heart rate high and low responders, which would result in a more individualized and more efficacious exercise prescription. In the future, this rationale could be extended to public health recommendations, as more personalized exercise recommendations could be developed as detailed information of one's genome through whole-genome sequencing applications becomes common.
Our study has several strengths, such as highly standardized submaximal exercise heart rate phenotypes, a fully controlled exercise training program with excellent compliance, and highquality GWAS SNP data genotyped in a single laboratory, as well as a family study design that allowed us to directly examine the heritability of the HR50 training response. While our findings are new, several additional steps are necessary before one can claim with confidence that the SNPs and genes identified here are truly predictive of submaximal exercise heart rate training responses. The biggest challenge is to replicate these findings in other comparable cohorts; however, studies with similar exercise program and phenotype measurements with equal or larger sample size and similar ethnicity simply do not exist. Also, we cannot rule out the possibility that there are additional DNA sequence variants (e.g., rare or common SNPs, insertions or deletions, and copy number variants) not captured by the CNV370K array that may have even greater effect(s) on ⌬HR50 than the SNPs reported here. Finally, it remains to be seen if the contribution of the SNPs and genes reported here is similar for ⌬HR50 in other types of exercise training programs (e.g., greater intensity and exercise session frequency and resistance or interval training) or programs of longer duration. These questions remain to be explored in future studies.
In summary, our data indicate that multiple genes contribute to genetic variation in the adaptation of submaximal exercise heart rate to regular physical activity: in white HERITAGE families, nine SNPs accounted for 34% of the total variance in the HR50 training response and 100% of the ⌬HR50 heritability. The genes identified by our GWAS have potential relevance to myocardial and neuronal function. However, additional studies are needed to confirm these findings and to fully understand the functional significance of these genes and DNA sequence variants and their role in the cardiac responsiveness to regular exercise.
